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Linker-Gating Ring Complex as Passive Spring
and Ca2-Dependent Machine for a Voltage-
and Ca2-Activated Potassium Channel
means of activation can act relatively independently of
one another (Cox et al., 1997; Rothberg and Magleby,
1999, 2000; Cox and Aldrich, 2000; Horrigan and Aldrich,
2002), each must have linkage (either direct or indirect)
to the gates of the channel. This convergence allows
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each mechanism to be used to probe the other, provid-
ing an intramolecular tool with which to dissect the con-
tributions of each process to the gating.
BK channels are tetramers (Shen et al., 1994) like theSummary
superfamily of K channels (MacKinnon, 1991), formed
of four  subunits. The transmembrane segments S1–S6Ion channels are proteins that control the flux of ions
of the  subunit of BK channels are structurally related toacross cell membranes by opening and closing (gat-
S1–S6 of the superfamily of the voltage-gated channelsing) their pores. It has been proposed that channels
(Papazian et al., 1987; Adelman et al., 1992; Butler etgated by internal agonists have an intracellular gating
al., 1993). The S6 segments form the internal part of thering that extracts free energy from agonist binding to
conduction pathway and are also thought to be theopen the gates using linkers that directly connect the
gates (Doyle et al., 1998; del Camino and Yellen, 2001;gating ring to the gates. Here we find for a voltage-
Jiang et al., 2002a). The S4 segments in both BK chan-and Ca2-activated K (BK) channel that shortening
nels and the superfamily of voltage-activated channelsthe linkers increases channel activity and lengthening
contain repeated sequences of one positive amino acidthe linkers decreases channel activity, both in the
plus two hydrophobic amino acids and are thought topresence and absence of intracellular Ca2. These ob-
be the voltage sensors (Diaz et al., 1998; Cui and Aldrich,servations are consistent with a mechanical model in
2000; Bezanilla, 2002; Horn, 2002; Gandhi and Isacoff,which the linker-gating ring complex forms a passive
2002; Armstrong, 2003). In addition to S1–S6, the BKspring that applies force to the gates in the absence
channel  subunit has a unique S0 transmembrane seg-of Ca2 to modulate the voltage-dependent gating.
ment that places the N terminus extracellular (Meera etAdding Ca2 then changes the force to further activate
al., 1997) and also a very large cytoplasmic C terminusthe channel. Both the passive and Ca2-induced forces
that contains sites and components required for thecontribute to the gating of the channel.
activation of the channel by Ca2i (Wei et al., 1994;
Schreiber and Salkoff, 1997; Schreiber et al., 1999; QianIntroduction
et al., 2002; Xia et al., 2002; Shi et al., 2002).
The crystal structure of BK channels is not known, butIon channels are membrane-spanning proteins that play
insight into structure can be obtained from the crystalcentral roles in many key physiological processes by
structures of simpler bacterial K channels. It has re-controlling the flux of ions through cell membranes by
cently been proposed, based on such structures, thatopening and closing (gating) their pores (Hille, 2001).
Ca2 gates a K channel from M. thermautotrophicum,Controlling the gates of ion channels is of paramount
MthK, by acting on an intracellular gating ring formedimportance because it is the flow of ions down their
from eight RCK (regulator of K conductance) domainselectrochemical gradients that generates the electrical
(Jiang et al., 2001, 2002a). In this model, Ca2 bindingactivity of cells. For most channels, the gating is con-
in the flexible clefts between adjacent RCK domains
trolled by either the binding of ligands to the channel
expands the diameter of the gating ring, which then
or by changes in membrane potential. Although consid-
pulls the gates of the channel open by pulling on linkers
erable progress has been made toward understanding that connect the gating ring to the gates.
how voltage and ligands activate ion channels (Armstrong For BK channels, it has been proposed that the intra-
and Bezanilla, 1974; Zagotta et al., 1989; Schoppa et al., cellular C terminus of each  subunit contributes two
1992; Goulding et al., 1994; Aggarwal and MacKinnon, RCK domains and that the eight RCK domains from the
1996; Seoh et al., 1996; Changeux and Edelstein, 1998; four  subunits form a gating ring similar to the gating
Bezanilla, 2000; Schumacher et al., 2001; Brejc et al., ring for MthK channels (Jiang et al., 2001, 2002a). This
2002; Horn, 2002; Jiang et al., 2002a, 2003; Yellen, 2002; proposal is diagrammed in Figures 1A and 1B, where
Cohen et al., 2003; Ahern and Horn, 2004), the mechan- Ca2-induced expansion of the gating ring (shown in
ics by which the ligand sensors and voltage sensors cross-section as four RCK domains) opens the channel
transmit their forces to the gates remains unclear. by pulling on the S6 gates using the S6-RCK1 linkers.
In this paper, we investigate the mechanical mecha- In the present study, we investigate the function of the
nism of gating by taking advantage of the unique proper- S6-RCK1 linkage by changing linker length. In the ab-
ties of the BK channel (Slo1), which is activated by both sence of Ca2, decreasing linker length increases chan-
intracellular Ca2 (Ca2i) and membrane potential in a nel activity and increasing linker length decreases chan-
synergistic manner (Barrett et al., 1982; Moczydlowski nel activity, and this is the case over a wide range of
and Latorre, 1983; Cui et al., 1997). Because these two voltage. The observed linear relationship between the
voltage required for half activation of the channel (V0.5)
and linker length is consistent with the linker-gating ring*Correspondence: kmagleby@miami.edu
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Figure 1. Proposed Gating Mechanism of a
Voltage- and Calcium-Activated K Channel
Tested by Inserting or Deleting Amino Acids
Forming the S6-RCK1 Linker
(A and B) Ligand binding to the intracellular
gating ring comprised of eight RCK-like do-
mains (only two of the four  subunits and
four of the eight RCK domains are shown)
expands the gating ring, which opens the S6
gates by pulling on the S6-RCK1 linkers con-
necting the gates to the gating ring (Jiang et
al., 2002a). Voltage can also open the gates
through an independent mechanism by act-
ing on the S4 transmembrane segment.
(C) Deleting and inserting amino acids to alter
the length of the linker connecting the S6 gate
to the gating ring. A schematic diagram of
one of the four  subunits that comprise a
BK channel. S0–S6 are within the membrane
and the RCK domains are intracellular. The
location and sequence of the linker connect-
ing the S6 gate to the RCK1 domain is indi-
cated. The length of the linker was changed
by 3 to 12 amino acids by deleting and
inserting amino acids as indicated.
complex acting as a Hookean spring that can apply of different length with 0 Ca2i. These data were fitted
with a Boltzmann distribution (Equation 3 in Experimen-force to the gates in the absence of Ca2. In the presence
of Ca2, the passive linear relationship between V0.5 and tal Procedures) to determine the voltage for half activa-
tion of the channel, V0.5, for each linker length. For wtlinker length is converted to a nonlinear active relation-
ship, in which both the Ca2-induced activity and the BK channels, V0.5 was 178 mV in oocytes and 165 mV
in HEK 293 cells (Figure 3A). Lengthening the linkers byHill coefficient decrease as linker length is increased.
In the following sections, we first present our experi- inserting 3, 6, or 12 amino acids increased V0.5 to 210,
246, and 326 mV, respectively, due to a rightward shiftmental observations independent of model interpreta-
tion, interpret them in terms of the model in Figures 1A in the Po versus V curves. Conversely, shortening the
linkers by deleting 1 or 3 amino acids decreased V0.5 toand 1B, and then present a spring-based mechanical
model as a working hypothesis for the gating of BK 132 and 121 mV, respectively, due to a leftward shift in
the Po versus V curves. Plots of V0.5 against the changechannels.
in linker length indicated an approximately linear rela-
tionship, with a slope of 14 mV per added amino acidResults
(Figure 3B, continuous line).
The parallel shifts in the Po versus V plots withLinker Length Alters Gating in the Absence
changes in linker length (Figure 3A) indicate that linkerof Intracellular Ca2i
length had little effect on the voltage dependence of theWe produced mutant BK channels with S6-RCK1 linkers
activation, which ranged from 20 to 23 mV per e-foldof different length by either deleting or adding amino
change in Po. Thus, changes in linker length are unlikelyacids to each linker as detailed in Figure 1C. Single-
to interfere with the voltage-gating mechanism. Becausechannel currents were then recorded from the various
the voltage dependence of activation remained constantmutant BK channels with 0 Ca2i. Shortening each linker
for all examined linker lengths, changes in V0.5 inducedgreatly increased channel activity and open probability,
by changes in linker length should be directly propor-Po, (Figures 2A and 2B), whereas lengthening each linker
tional to the changes in free energy between the openhad just the opposite effect (Figure 2B). These effects
and closed states of the channel (Equation A3 in theof linker length on Po in the absence of Ca2i were
Appendix; Cui and Aldrich, 2000). Thus, the linear obser-pronounced, with Po decreasing over three orders of
vation in Figure 3B suggests a linear relationship be-magnitude as the length of the linkers was varied
tween the difference in free energy of the open andfrom 3 to 12 amino acids, giving an e-fold decrease
closed states and linker length in the absence of Ca2i.in Po for every 1.5 amino acid increase in linker length
(Figure 2C). Depolarization shifted the entire Po versus
linker length response to higher Po’s, as seen by com- Linker Length Alters Ca2-Induced Gating
The previous section showed that changing linker lengthparing Figure 2A (100 mV) to Figure 2B (150 mV) and
from the upward shift in Po in Figure 2C. alters the gating with 0 Ca2i. This section examines the
effect of linker length on activation of the channel byFigure 3 plots Po versus V for channels with linkers
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Figure 3. The Linker-Gating Ring Complex Acts as a Spring with
0 Ca2i
(A) Plots of Po versus voltage for wt channels and for mutant chan-
nels in which the linker length was changed from 3 to 12 amino
acids, as indicated. Channels were expressed in HEK 293 cells (open
symbols) and oocytes (filled symbols). The Po versus V curves were
fits with Equation 3 in the Experimental Procedures (continuous
lines). The voltage sensitivity was little affected by linker length and
ranged between 20 and 23 mV/e-fold change in Po.
(B) Approximate linear relationship between V0.5 and changes in
linker length. The continuous line indicates a linear relationship with
a slope of 14 mV per amino acid change in linker length, suggestive
of a Hookean spring. The dotted line is the best fit with Equation
4 in Experimental Procedures with N fixed at 15, and with fitted
parameters of V0.5  173 mV and KR  19.9 mV/amino acid change
in length. The dashed line is the best fit with Equation 4 with fitted
parameters of N  81, V0.5  164 mV, and KR  15.5 mV/amino acid
Figure 2. Linker Length Alters Channel Activity with 0 Ca2i change in length. N  81 implies that most of the spring is in the
(A and B) Representative recordings of currents through single BK gating ring and not the linker.
channels in inside-out patches of membrane held at 100 mV (A) or
150 mV (B) with 0 Ca2i. The arrows indicate the closed current level.
Shortening the linker by 1 or 3 amino acids increased channel increased single-channel activity for wt BK channels.
activity when compared to wt channels, and lengthening the linker
With 3 M Ca2i, half activation of the channel requiredby 3, 6, or 12 amino acids decreased channel activity.
only50 mV depolarization instead of165 mV depolar-(C) Plot of Po versus change in linker length. The lines were calcu-
ization required with 0 Ca2i (compare wt traces in Figurelated using Equation 2 in the Experimental Procedures. The higher
observed Po’s than predicted by the Boltzmann equations for a 4A to Figure 2B), and 100 M Ca2i fully activated the
linker length of 12 amino acids would be expected because the wt channel at 50 mV (Figure 4B). As was observed
gating of BK channels deviates from the Boltzmann equation at low with 0 Ca2i (Figure 2), lengthening the linkers in thePo’s (Cui and Aldrich, 2000).
presence of Ca2i progressively decreased channel ac-
tivity (Figure 4). When the linkers were shortened in the
presence of Ca2i, the shortening had little effect on PoCa2. As expected from previous studies (Pallotta et al.,
1981; Meera et al., 1996; Cui et al., 1997; Nimigean and (Figure 4), compared to the large increase in Po ob-
served with 0 Ca2i (Figures 2 and 3).Magleby, 2000), increasing Ca2i from 0 to 3 M greatly
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2.4, 1.6, 0.8, and 0.8, and the estimated Ca2i for half
activation (apparent Kd) were 2.1, 2.3, 2.6, 9.7, 92, and
269M for changes in linker length of3,1, 0,3,6,
and 12 amino acids, respectively. Thus, increasing
linker length decreased the effectiveness of Ca2 activa-
tion, whereas decreasing linker length had little effect
on Ca2 activation.
To quantify changes in Ca2i activation resulting from
changes in linker length, we measured V0.5 for different
linker lengths as a function of Ca2i. The values of V0.5
then express the level of Ca2 activation in terms of
voltage. For both wt channels and channels with
changed linker lengths, increasing Ca2i over more than
four orders of magnitude progressively increased chan-
nel activity, shifting V0.5 in the negative direction (Figure
5A), such that less depolarization was required to acti-
vate the channels to a Po of 0.5. Thus, channels with
altered linker lengths were still Ca2 sensitive over a wide
range of Ca2i, just like wt channels. The progressive
activation by Ca2i over such a wide range of concentra-
tions reflects that BK channels have both high (M) and
low (mM) affinity Ca2 sensing mechanisms (Schreiber
and Salkoff, 1997; Cui et al., 1997; Shi and Cui, 2001; Xia
et al., 2002; Niu and Magleby, 2002; Qian and Magleby,
2003). The data in Figure 5A show that these multiple
mechanisms still function with changes in linker length,
and there is a suggestion in the data that there may be
differential effects of linker length on the high- and low-
affinity mechanisms.
Interpretation of Observations in Terms
of a Structural Model
In the model for gating proposed by Jiang et al. (2002a)
(Figures 1A and 1B), tension in the S6-RCK1 linkers
generated by Ca2-induced expansion of the gating ring
pulls the S6 gates open. On this basis, lengthening the
linkers should decrease the pulling force on the S6
gates, decreasing Po, and shortening the linkers should
increase the pulling force on the S6 gates, increasing
Po. Our observations during Ca2 activation of the chan-
nel are consistent with the predicted effects on Po:
lengthening the linkers dramatically decreased channel
activity and Po, and shortening the linkers could in-
crease activity and Po slightly (Figures 4 and 5). Such
consistent observations do not, of course, rule out addi-
tional models with rather different gating mechanisms.
Nevertheless, data obtained using different experiment
Figure 4. Linker Length Alters the Ca2 Sensitivity of BK Channels approaches support the model diagrammed in Figures
(A) Representative recordings of currents through single BK chan- 1A and 1B (see Introduction), so it is informative to ex-
nels in inside-out patches of membrane held at 50 mV with 3 M plore in detail what limitations are placed on this modelCa2i for different linker lengths.
by our observations, especially those obtained in the(B) Plots of Po versus change in linker length for three different Ca2i.
absence of Ca2i.(C) Plots of Po versus Ca2i for channels with different linker lengths.
Increasing linker length increases the Ca2 for half activation and In terms of the model described in Figures 1A and
decreases the Hill coefficient. 1B, the data obtained in the absence of Ca2i (Figures
2 and 3) would place the following restrictions on gating.
(1) The linkers can transmit force to the gates when the
gating ring is not activated by Ca2i, as shortening theRaising Ca2i increased Po for all linker lengths exam-
ined (Figure 4), and the Ca2i sensitivity changed with linkers with 0 Ca2i always increased Po, thereby in-
creasing the opening force on the gates, and lengthen-linker length. Lengthening the linkers shifted the Ca2-
dependent activation curves to the right and decreased ing the linkers had the opposite effect, and this was the
case over a wide range of voltage and Po. (2) There istheir slopes, whereas shortening the linkers gave a sug-
gestion of a shift to the left and a small increase in slope no detectible slack in the linkers with 0 Ca2i, for if there
were, small changes in linker length should have had(Figure 4C). The estimated Hill coefficients were 2.8, 3.3,
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gating ring would freely change its diameter to accom-
modate the changes in linker length. Since even small
changes in linker length have profound effects on the
gating in the absence of Ca2i, then the gating ring must
restrain the ends of the linkers from moving freely in
space.
A Spring-Based Mechanical Model
for BK Channels
While the gating model in Figures 1A and 1B appears
consistent with our observations, this model is not suffi-
cient to quantitatively describe the mechanical proper-
ties of gating. In this section, we work toward developing
a mechanical gating model for BK channels. This model
takes into account that extensive studies have indicated
that biological molecules including proteins can display
elastic (spring) properties (Howard and Hudspeth, 1988;
Carrion-Vazquez et al., 1999; Fisher et al., 2000; Howard,
2001; Zhang and Evans, 2001; Hummer and Szabo,
2003; Sukharev and Corey, 2004). For example, springs
are included in modeling the power stroke of the cross
bridges in muscle contraction (Veigel et al., 1998; How-
ard, 2001).
For limited forces and extensions, Hooke’s law can
provide an approximation of the elastic properties of
molecules (Howard, 2001). Hooke’s law indicates a lin-
ear relationship between force and extension,
f  k x, (1)
where f is the force applied to the spring, k is the spring
constant, and x is the extension of the spring. Hookean
springs are used in our model because of their simplicity
and because they are consistent with our experimental
observations. However, it is anticipated that more com-
plicated entrophic elastic elements may be required
when more detailed data are obtained. We first develop
a mechanical model based on the structural and func-Figure 5. Mapping the Ca2-Induced Force Generated by the
tional data and then examine the implications of thisLinker-Gating Ring Complex
model.(A) Plots of V0.5 versus Ca2i for wt channels and for channels with
The model is shown in Figure 6, which presents thethe linker length changed by 3 to 12 amino acids. Less voltage
is required to open the channel as Ca2i is increased, and this is gating machinery for one of the four  subunits of the
the case for all linker lengths. BK channel. (Figure 1 shows the relationship of the S6
(B) Plot of the opening force generated by Ca2i (expressed in mV) gates to the rest of the channel.) Depolarization opens
compared to the wt channel with 0 Ca2i, as a function of linker the channel (Figure 6B to Figure 6A) by moving positivelength and Ca2i. The passive force with 0 Ca2i (dashed line) is the
charge in the S4 voltage sensor outward in the electricsame as the continuous line from Figure 4B. To calculate the Ca2-
field of the membrane (Bezanilla, 2002; Horn, 2002; Lars-induced change in free energy between open and closed states for
a given linker length, subtract V0.5 without Ca2 (dashed line) from son, 2002; Gandhi et al., 2003; Lee et al., 2003; Jiang et
V0.5 with Ca2 for the linker length of interest and use this difference al., 2003; Ahern and Horn, 2004). Because the voltage
for V0.5 in Equation A3 in the Appendix. sensors can move in the absence of gate movement
(Stefani et al., 1997; Islas and Sigworth, 1999; Bezanilla,
2000, 2002; Armstrong and Loboda, 2001; Horrigan andlittle effect on Po, in contrast to the large effects ob-
served. (3) Applying tension to the linkers would pull the Aldrich, 2002; Armstrong, 2003), the S4 voltage sensor
has been coupled to the S6 gate through an indirectgates open, and applying compression to the linkers
would push the gates closed, as diagrammed in Figures linkage that includes a spring and a bellcrank. This cou-
pling may include the S4-S5 linker contacting the C1A and 1B. If the linkers had the opposite action (tension
pulling the gates closed or compression pushing the terminus near the S6 gate (Lu et al., 2002; Tristani-Firouzi
et al., 2002). Although only one S6 gate is shown, move-gates open), then changes in linker length would have
had an opposite effect on Po to what was observed. ment of the four S6 gates is required to open the channel.
Consequently, the free energy and gating forces calcu-An important implication of restrictions 1 and 2 above
in terms of the model in Figures 1A and 1B is that the lated for gating in this section and Appendix assume
that the four S6 gates move as a single unit in the open-gating ring is not freely flexible in the absence of Ca2i,
for if it were, then changes in linker length would have ing-closing transition, such that all transitions are con-
certed.little effect on the gating in the absence of Ca2i, as the
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Figure 6. Spring-Based Gating Mechanism for BK Channels
(A and B) The S6 gate and S4 voltage sensor from a single subunit are shown. The linker-gating ring complex is represented by an intracellular
spring that is directly attached to the S6 gate. In the drawing, the end of the linker-gating ring spring is anchored. In the biological structure
the anchor would arise from the circular form of the gating ring itself. The charged S4 voltage sensor is indirectly connected to the S6 gate
through a spring. Depolarization (B to A) moves the charge on the S4 voltage sensor outward, opening the S6 gate, which moves a distance
b, shortening the linker-gating ring spring by a distance b. Inserting amino acids into the linker (yellow insert) compresses (or relaxes) the
linker-gating ring spring a distance L. If the linker-gating ring spring is under compression, then adding amino acids would increase the
closing force on the S6 gate. If the linker-gating ring spring is under tension, then adding amino acids would decrease the opening force on
the S6 gate. In either case, increasing the linker length would decrease the opening forces. The decrease in opening force can be determined
by the increase in voltage required to restore the Po to 0.5.
(C) Ca2i opens the channel by turning the passive spring of the linker-gating ring complex into an active force-generating machine.
In terms of the structural model in Figures 1A and 1B, passive linker-gating ring complex could be measured
independent of the elastic properties of the S6 gatesthe addition of Ca2i opens the channel by expanding
the intracellular gating ring, which then pulls on the four because the measurements of V0.5 for Figure 3B were
made at a constant Po, and therefore at a constantlinkers attached to the four S6 gates to open the channel
(Jiang et al., 2002a). This action is indicated in Figure average position of the S6 gates. The spring in the volt-
age sensor mechanism does not contribute to the esti-6C by a Ca2-generated force pulling the gate open. In
the absence of Ca2, the linker-gating ring complex mation of the spring constant for the linker-gating ring
complex, because the spring in the voltage sensor is inwould become a structure with passive elastic proper-
ties that is still attached to the gates. This passive struc- series between S4 and the gate, transmitting the force
of the S4 voltage sensor to the gate.ture is represented as an intracellular spring attached
to the gate in Figures 6A and 6B. The voltage- and Ca2-
activating mechanisms are separate in Figure 6 until Estimating the Spring Constant of the Linker-
Gating Ring Complex with 0 Ca2ithey converge on the S6 gate, consistent with extensive
kinetic data that indicate relatively independent voltage An estimate of the spring constant for the linker-gating
ring complex was made from the data in Figure 3B usingand Ca2 mechanisms that act jointly to activate the
channel (Schreiber and Salkoff, 1997; Cui et al., 1997; free energy calculations (see Appendix) and found to
be 5.4 pN per amino acid change in the length of theCui and Aldrich, 2000; Rothberg and Magleby, 2000;
Horrigan and Aldrich, 2002; Xia et al., 2002; Hu et al., linkers. The distance each linker would be lengthened
per amino acid increase in length would depend on the2003).
It is the convergence of the forces provided by the structure of the linkers, which is not known. If each linker
were a fully extended polypeptide chain, the estimatedlinker-gating ring complex and the S4 voltage sensors
on the S6 gates that allows the passive spring properties spring constant of the linker-gating ring complex would
be 15.4 pN/nm change in linker length. If each linker isof the linker-gating ring complex to be probed by chang-
ing the linker length and measuring the changes in volt- assumed to be a random coil, then the addition of each
amino acid would result in a smaller change in lengthage required to keep Po constant at 0.5 (V0.5). For mea-
surements made in this manner, plotting V0.5 against the and a greater spring constant. A spring constant of 15.4
pN/nm for the linker-gating ring complex, which includeschange in linker length indicated an approximately linear
relationship, with a slope (spring constant) of 14 mV per four linkers attached in parallel to the gating ring com-
prised of eight RCK domains, can be compared to 5.3amino acid change in linker length (Figure 3B, continu-
ous line). Such a linear relationship between force and pN/nm for the complex of P-selectin and its ligand (Fritz
et al., 1998), 5–10 pN/nm for eight modules of titan (Car-distance is consistent with the linker-gating ring com-
plex acting as a passive spring attached to the S6 gates rion-Vazquez et al., 1999; Hummer and Szabo, 2003),
10 pN/nm for a random peptide chain of 12 amino acidin the absence of Ca2i, as indicated by the intracellular
spring in Figures 6A and 6B. The spring constant of the residues under minimal tension (Howard, 2001), 550,000
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pN/nm for a single C-C carbon bond (Howard, 2001), binding sites and gating ring, both of which might be
expected to change with linker length.and 0.4–0.9 pN/nm for the hair bundle that is associated
with the mechanoelectrical transduction channels in the
hair cells (Howard and Hudspeth, 1988). Discussion
The spring in the linker-gating ring complex would
arise from the elastic properties of both the linkers and It has been proposed that intracellular ligands can mod-
gating ring acting in series. Changing linker length by ulate the gating of channels by acting on a cytoplasmic
changing the number of amino acids in the linker would gating ring that transmits force to the gates of the chan-
alter the spring constant of the linkers. For Hookean nel through linkers connecting the gates to the gating
elastic properties of both the linkers and the gating ring, ring (Zagotta, 1996; Wang et al., 2001; Wainger et al.,
if the spring arose entirely from the linkers, then a curved 2001; Jiang et al., 2002a). Our study explores this mech-
relationship would be expected between V0.5 and anism by changing the length of the linkers connecting
changes in linker length in Figure 3B, as changing the the gating ring to the S6 gates in BK channels. Since
number of amino acids in the linkers would change the BK channels are activated relatively independently by
spring constant of the linkers. If the spring arose entirely both Ca2 and voltage (Schreiber and Salkoff, 1997; Cui
from the gating ring, then a linear relationship would be et al., 1997; Cui and Aldrich, 2000; Rothberg and Mag-
expected. The dotted line in Figure 3B approximates leby, 2000; Horrigan and Aldrich, 2002; Xia et al., 2002;
the amount of curvature expected if the spring arose Hu et al., 2003), the changes in force generated by the
entirely from linkers with a length 15 amino acids in the gating ring were estimated from the changes in voltage
wt channel. The dashed line approximates the amount required to keep the open probability constant. Such
of curvature that would be expected if 18% of the measurements are possible because both the voltage-
spring action arose from the linkers and 82% from the and Ca2-gating mechanisms are thought to converge
gating ring, and the straight line the response if 100% on the S6 gates (Figure 6; Jiang et al., 2002a; Lu et al.,
of the spring action arose from the gating ring. The 2002; Yellen, 2002).
dashed line gave the least error, but the fit was not Our observations suggest that the linker-gating ring
significantly different from the fits for the dotted or con- complex forms a passive spring in the absence of Ca2i
tinuous lines. Independent of whether the spring arises that is attached directly to the gates of the channel
from the gating ring, from the linkers, or both, adding through the S6-RCK1 linkers. The linkers are not slack
amino acids (yellow inserts in Figure 6) would compress in the absence of Ca2, as small changes in linker length
the spring, making the channel harder to open, and dramatically change channel activity, and this is the case
deleting amino acids would relax (or stretch) the spring, over a wide range of voltage. Because the linkers are
making the channel easier to open. not slack, movements of the gates by voltage in the
absence of Ca2i would also move the linker-gating ring
complex. Consequently, the passive spring of the linker-Mapping the Ca2-Induced Gating Force
To map the energy profile of the active linker-gating ring gating ring complex would bias the voltage-dependent
gating in the absence of Ca2. In terms of the model inmachinery, plots were made of the difference between
V0.5 for wt channels with 0 Ca2i and V0.5 for channels Figure 6, the addition of Ca2 then turns the passive
spring of the linker-gating ring complex into a force-activated by Ca2i, as a function of linker length (Figure
5B). The Ca2i ranged from 0 to 10,000 M to explore generating machine with a characteristic force/length
landscape that uses the free energy of Ca2 binding tothe full range of activation. If the channel gates as in
Figure 6, then these plots give a measure of the relative open the channel (Figure 6C).
Progressively lengthening the linkers reduced theCa2-induced opening force applied to the S6 gate by
the linker-gating ring complex. Increasing Ca2i shifted cooperativity for Ca2 activation (Figure 4C) in a manner
similar to the reduced cooperativity that occurs when athe curves upwards, suggesting that more Ca2-induced
opening force was being applied to the S6 gate by the high-affinity Ca2 binding mechanism is progressively
removed from each subunit (Niu and Magleby, 2002).linker-gating ring complex so that less voltage force
was needed to establish a Po of 0.5. In contrast to This suggests that the cooperativity in Ca2 activation
(Hill coefficients of 3–4) requires a properly functioningthe approximate linear decrease in opening force with
increasing linker length generated by the linker-gating linker-gating ring complex. In contrast, in the absence
of Ca2, progressively lengthening the linkers did notring complex with 0 Ca2i (dashed line in Figure 5B,
which is the same as the continuous line in Figure 3B), change the voltage sensitivity, as indicated by un-
changed slopes of the Po versus voltage plots (Figurethe presence of Ca2i put a distinct upward notch in
each curve, with the highest Ca2-induced opening force 3A), suggesting that the linker-gating ring complex may
not be a major factor for coordinating the cooperativeoccurring for wt channels for each examined Ca2i.
Lengthening or shortening the linkers for a fixed Ca2i action of the voltage sensors in opening the channel.
Our findings that changes in linker length have dra-then decreased the opening force that was generated
by Ca2i. Thus, the linker length of wt channels is opti- matic effects on channel activity in the presence of Ca2i
(Figures 4 and 5) support previous findings that the Cmized to enable the maximal Ca2-activated force. A
nonlinear dependence on linker length might well be terminus, which forms the linker-gating ring complex,
is involved in Ca2 activation of BK channels (Schreiberexpected when the gating ring is activated by Ca2, as
the gating ring has changed from a passive structure and Salkoff, 1997; Schreiber et al., 1999; Shi and Cui,
2001; Xia et al., 2002; Shi et al., 2002; Bao et al., 2002;to a force-generating machine. The force generated by
Ca2 would depend on the conformation of the Ca2 Jiang et al., 2002a; Qian and Magleby, 2003; Magleby,
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2003). Nevertheless, our observations do not rule out the channel (in addition their primary attachment at S6)
that change the free energy between the open andthat there may be additional sites at which Ca2 acts
(Piskorowski and Aldrich, 2002). closed states as a function of linker length. In spite
of the potential difficulties arising from the unknown
structure of the linkers, the spring-based model in FigureThe Form of Linkage between the Gating Ring
6 provides a straightforward working hypothesis to ex-and the Gates
plain our experimental observations of a linear relation-The length and structure of the linkers for BK channels
ship between V0.5 and linker length with 0 Ca2. Thus,are unclear. Whether the linkers are extended (flexible)
the model in Figure 6 will be assumed for the rest ofpolypeptide chains, as may be the case for MthK (Jiang
the discussion.et al., 2002a), or are stiff structures with semirigid attach-
ments to the gates and gating ring would have different
implications for the force transmission between gating Tension in the Linkers Would Open the Gates,
and Compression in the Linkers Wouldring and gates. Figure 1 presents the gating ring as
suspended below the channel so that there is a gap Close the Gates
Our findings place restrictions on the direction of forcebetween the gating ring and the channel. This was done
so the linkers would be visible. If the linkers are stiff applied by the linkers to the gates. The observed in-
crease in Po with shortening of the linkers (Figures 2–5)with semirigid attachments to the gates and gating ring,
then changes in the diameter of the gating ring could indicates that tension in the linkers would increase the
opening force on the gates and compression (or lesstransmit force to the gates even if there were a gap
between the gating ring and the channel. However, if tension) in the linkers would increase the closing force
on the gates, as depicted in Figure 6. While such me-the linkers are flexible chains, then any tension in the
linkers due to expansion of the gating ring would first chanical coupling seems logical, it would be possible
to design channels in which the linkers have the oppositeraise the gating ring to be in contact with the base of
the channel before significant tension would be applied actions of pulling the gates closed and pushing the gates
open. Our data clearly exclude this possibility.to the gates. If the extended linkers become too long,
then the gating ring would not be able to expand suffi- The next question to consider is whether the linker-
gating ring complex mainly acts by pulling the gatesciently to transmit force to the gates.
For linkers comprised of extended polypeptide open or by pushing the gates closed. To answer this
question requires knowing the inherent forces acting onchains, deleting or adding amino acids could change
the linker length up to 0.35 nm per amino acid. For small the gates in the absence of the gating ring. This is not
known for BK channels, but some insight into this ques-changes of 1–3 amino acids in linker length, it seems
reasonable that the diameter of the gating ring could tion can be obtained by looking at the Shaker K chan-
nel, which is Ca2 insensitive and lacks a Ca2-activatedchange sufficiently (Jiang et al., 2002a) so that forces
could still be transmitted from the gating ring through gating ring. The S6 gate in Shaker channels has an
intrinsic closing force acting to keep the gate closedthe linkers to the gates. However, adding 12 amino acids
to an extended polypeptide linker could extend each (Yifrach and MacKinnon, 2002), and the voltage sensors
in Shaker channels prefer to be in the open position atlinker by up to 4.2 nm, a distance equal to about half
the expected diameter of the gating ring. Even if the 0 mV (Patlak, 1999; Bezanilla, 2000; Armstrong, 2003).
At 0 mV, the opening force generated by the voltagelinkers were an  helix (which seems unlikely) instead of
an extended polypeptide chain, adding 12 amino acids sensors is far greater than the closing forces generated
by the gates, so Shaker channels are fully open at 0 mVwould still extend each linker by 1.8 nm. Thus, it is
difficult to see how the gating ring could expand suffi- (Seoh et al., 1996).
In contrast, BK channels are seldom open (Po ciently to accommodate increases in linker length of 12
amino acids, unless the linkers were either extensively 0.00001) at 0 mV with 0 Ca2i (Rothberg and Magleby,
2000). If the inherent closing and opening forces of thecoiled to greatly reduce their effective length, or the
linkers formed a stiff structure with semirigid attach- gates and voltage sensors of BK channels are similar
to those of Shaker channels, then at 0 mV with 0 Ca2i,ments to the gates and gating rings. Since peptides in
solution generally assume random coils (Howard, 2001), the gating ring would have to push the gates closed in
BK channels to maintain the very low Po, generatingit is likely that the amino acids added to the linker are
incorporated into the linker coiled, so that the extension compressive forces in the linkers. Binding of Ca2 to the
gating ring would then expand the gating ring, decreas-in length of the linker is substantially less than the length
of the added amino acids. Alternatively, if there were an ing the closing force, allowing the channel to open. This
model would be consistent with an argument basedunknown structure that pulled the gating ring away from
the base of the channel to keep the linkers under tension on evolutionary reasoning, that the C terminus of BK
channels inhibits the channel, with the inhibitory activitywhatever their length, then linkers could still transmit
forces to the gates when the diameter of the gating being removed by Ca2i (Schreiber et al., 1999). Although
this model is attractive, compressive forces in the linkersring changed. On this basis, extending the linkers could
reduce the angle of pull of the linkers on the gates, would be difficult to transfer to the gates if the linkers
were flexible polypeptide chains. Similar to this model,reducing opening force, without the need to incorporate
a spring. it has also been suggested for HCN channels that the
highly conserved C-linker region inhibits channel activityWe cannot rule out that the actions of the linkers
may differ from those depicted in Figures 1 and 6. For and that cAMP binding then relieves the inhibition
(Wainger et al., 2001).example, the linkers may have secondary contacts with
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deletions may be affecting BK channel assembly and trafficking.Alternatively, if the voltage sensors of BK channels
Consistent with this idea, a large region distal to S6 that includesgenerate either no force or a closing force on the gates
the S6-RCK1 linker is important for BK channel tetramerizationat 0 mV, then Ca2 activation for BK channels would
(Quirk and Reinhart, 2001). All the data in the figures in this paper
require that the Ca2-induced expansion of the gating are from the HEK cell expression system with the exception of the
ring create tension in the linkers to pull the gates open data obtained at 0 Ca2i for insertion mutants of 3, 6, and 12
amino acids.against the inherent closing force on the gates, as has
been proposed for MthK (Jiang et al., 2002a). Because
Electrophysiologyour data do not indicate whether the gates and the
Single-channel currents were recorded from BK channels at roomvoltage sensors of BK channels have inherent opening
temperature (20C–25C) from inside-out patches containing singleor closing forces at 0 mV with 0 Ca2i, we cannot distin- BK channels using the patch clamp technique (Hamill et al., 1981).
guish whether a Ca2-induced expansion of the gating The pipette solution contained 150 mM KCl and 5 mM TES, and the
ring would open the channel by decreasing push on intracellular solution contained 150 mM KCl, 5 mM TES, 1 mM EGTA,
1 mM HEDTA, and added CaCl2 to obtain the desired free Ca2S6 gates (decreasing compression in the linkers) or by
concentrations of 1–10,000 M for HEK cell recording. For oocyteincreasing pull on the S6 gates (increasing tension in
recordings, the solutions were the same except that the KCl wasthe linkers).
158 mM. All solutions were adjusted to pH 7.0.
Independent and Synergistic Gating by Voltage Analysis
and Ca2i The single-channel current records were sampled with pClamp8 at
200 kHz and filtered to 1–5 kHz (3 dB). The open probability (Po)Regardless of the relative force bias in the gates and
was determined by dividing the total open time by the sum of thegating ring of BK channels, the springs connecting the
open and closed times. Data from different channels were averagedlinker-gating ring complex and the voltage sensors to
before determining Boltzmann and Hill coefficients, which can re-the gates would allow voltage and Ca2 to activate the
duce the slopes (Niu and Magleby, 2002). Fitting was accomplished
channel both relatively independently and also synergis- with the nonlinear least squares fitting routines in SigmaPlot 2000.
tically. While our paper has concentrated on the spring Each plotted point typically represents the average of data from 3–7
patches. The error bars are the SEM.associated with linker-gating ring complex, there is also
The lines in Figure 2C connect Po values calculated for each linkera spring associated with the activation of voltage-
length with the Boltzmann equationdependent channels by voltage sensors (Armstrong,
2003). Observations that voltage jumps can move gating Po  Pmax/{1  exp[(V0.5  V  L(14 mV/aa))/KV]}, (2)
charge (move S4 voltage sensors) when BK channels
where Po is open probability, Pmax is the maximum open probabilityremain either open or closed (Stefani et al., 1997; Horri-
of 0.95, V is the membrane potential, V0.5 is the membrane potentialgan and Aldrich, 2002) indicates spring coupling be-
(172 mV) for half maximal activation with 0 Ca2i, L is the changetween voltage sensors and the S6 gates. Because both in linker length in number of amino acids, 14 mV/aa is the slope of
the voltage sensors (S4) and Ca2 sensors (gating ring) the passive properties of the linker-gating ring complex in mV per
amino acid of length change, and KV (21 mV) is the voltage sensitivityare coupled to the gates by springs in the model in
(slope) in mV per e-fold change in Po.Figure 6, forces applied by the voltage and Ca2i sensors
The lines in Figure 3A are fits to the Po versus V data with thewould sum at the gates, allowing both independent and
Boltzmann equationsynergistic activation by voltage and Ca2i, which is the
hallmark of BK channel activity. Because the voltage Po  Pmax/{1  exp[(V0.5  V )/KV]}, (3)
and Ca2 sensors are both attached to the gate in Figure
where Po is open probability, Pmax is the maximum open probability6, they are also indirectly attached to each other through
of 0.95, V is the membrane potential, V0.5 is the membrane potentialmovement of the gate. Consequently, a prediction of for half maximal activation, and KV is the voltage sensitivity (slope)
the allosteric model in Figure 6 is that channel opening in mV per e-fold change in Po.
by Ca2 should promote voltage sensor movement, The dashed and dotted lines in Figure 3B were calculated from
which has been observed (Horrigan and Aldrich, 2002).
V0.5(n )  V0.5  nKRN/(N  n ), (4)
Experimental Procedures where V0.5 is the voltage for half activation for wt channels, V0.5(n )
is the voltage for half activation for channels with a spring length
Mutagenesis and Expression of BK Channels of N amino acids that is changed by n amino acids, and KR is the
The original mSlo1 gene was cloned by Pallanck and Ganetzky spring constant for the linker-gating ring complex in mV per amino
(1994). The construct we used was kindly provided by Merck Re- acid change in length for a spring comprised of N amino acids.
search Laboratories (accession no. U09383), who removed all 5	
noncoding sequence up to the second potential translation initiation Appendix
site (1–940 was deleted). The Stratagene QuickChange Site-Directed Estimating the Spring Constant
Mutageneis Kit was used to generate mutant channels. All mutations This section uses free energy calculations based on previous theo-
were checked by sequencing. retical formulations for BK and mechanosensitive channels (Cui and
Experiments were performed on wt and mutant BK channels ex- Aldrich, 2000; Sukharev and Corey, 2004). The open probability of
pressed in human embryonic kidney (HEK 293) cells and Xenopus an ion channel with two states (open and closed) is related to the
oocytes as described previously (Qian et al., 2002; Niu and Magleby, Boltzmann distribution by
2002). Lengthening the linker by inserting 3, 6, or 12 amino acids
gave functional BK channels when expressed in either HEK 293 Po  Pmax/[1  exp(G/kBT)], (A1)
cells or Xenopus oocytes. Shortening the linker by deleting 1 amino
acid also gave functional BK channels in both expression systems, where KB is Boltzmann’s constant, T is absolute temperature, and
G is the free energy difference between the open and closed statesbut deleting 3 amino acids did not give functional channels in oo-
cytes and gave a reduced expression of functional channels in HEK (Diaz et al., 1998; Cui and Aldrich, 2000; Hille, 2001; Sukharev and
Corey, 2004). Voltage and the passive linker-gating ring complex293 cells. Deleting more than 3 amino acids gave no functional
channels in either expression system, suggesting that the larger change Po by changing G, such that
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